Abstract The major priming event in neurodegeneration is loss of neurons. Loss of neurons by apoptotic mechanisms is a theme for studies focused on determining therapeutic strategies. Neurons following an insult, activate a number of signal transduction pathways, of which, kinases are the leading members. Cyclin-dependent kinase 5 (Cdk5) is one of the kinases that have been linked to neurodegeneration. Cdk5 along with its principal activator p35 is involved in multiple cellular functions ranging from neuronal differentiation and migration to synaptic transmission. However, during neurotoxic stress, intracellular rise in Ca 2? activates calpain, which cleaves p35 to generate p25. The long half-life of Cdk5/p25 results in a hyperactive, aberrant Cdk5 that hyperphosphorylates Tau, neurofilament and other cytoskeletal proteins. These hyperphosphorylated cytoskeletal proteins set the groundwork to forming neurofibrillary tangles and aggregates of phosphorylated proteins, hallmarks of neurodegenerative diseases like Alzheimer's disease, Parkinson's disease and Amyotropic Lateral Sclerosis. Attempts to selectively target Cdk5/p25 activity without affecting Cdk5/p35 have been largely unsuccessful. A polypeptide inhibitor, CIP (Cdk5 inhibitory peptide), developed in our laboratory, successfully inhibits Cdk5/p25 activity in vitro, in cultured primary neurons, and is currently undergoing validation tests in mouse models of neurodegeneration. Here, we discuss the therapeutic potential of CIP in regenerating neurons that are exposed to neurodegenerative stimuli.
Introduction
In neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's disease (PD) and Amyotropic Lateral Sclerosis (ALS), loss of neurons occurs in particular regions of the nervous system. Due to the loss of neurons, cognitive or motor functions are adversely affected that define the symptoms of these neurodegenerative diseases. Although many proteins and gene mutations have been linked to the neuron loss, the exact mechanisms still remain unknown. A number of studies have focused on designing various therapeutic strategies to prevent neuron loss. One of such strategies is based on the finding that adult brains are capable of generating new neurons (neurogenesis) (Gross 2000) . This intrinsic capacity of the adult nervous system can be exploited to replace dying neurons (Zhao et al. 2008 ). Another strategy is to interfere with the process that induces neuron death. There are evidences that neurogenesis is impaired in neurodegenerative diseases including AD, PD and ALS (Geraerts et al. 2007; Shan et al. 2006; Yoshimi et al. 2005; Zhao et al. 2003) . It is also not established whether impaired or failed neurogenesis in the adult brain contributes to neurodegeneration. These two strategies may not be exclusive of each other in terms of preventing or reversing neurodegeneration. However, each strategy independently could have the potential to regenerate the nervous system that begins to go awry.
Regeneration within the nervous system is a complex process involving multiple steps. Major steps include: (1) survival of the injured neurons (prevention of cell death and degeneration), and (2) replacing injured neurons by transplantation of new cells (cell replacement). A major difference between neuronal and most non-neuronal cell death is that the neuron is post-mitotic and therefore there is no turn over, while most non-neuronal cells have quick turn over so as to replace the dead cells. The nervous system obviously is equipped with more complex machinery adapted to the specific function of keeping the neurons alive. But at times, the machinery fails and neuronal death ensues. Moreover, it is not known whether apoptotic mechanisms contribute to neurodegenerative diseases (Yuan and Yankner 2000) . If in fact it does, then a large number of options at multiple points of possible interference open up as an umpteen number of antiapoptotic and apoptotic pathways are involved in neuronal death. For instance, several transcription factors regulating apoptosis, such as p53, Fas, c-Jun, Bax and Bcl-2 may be targets of therapeutic intervention (Yuan and Yankner 2000) , while caspase inhibitor peptides also show promise in mouse models of ALS and protect neurons against MPTP toxicity (Yang et al. 2004) .
Cyclin-dependent kinase 5 (Cdk5) belongs to the family of serine/threonine cyclin-dependent kinase (Meyerson et al. 1992) . Cdk5 is found in mitotic cells, but its activity is mostly restricted to neuronal cells due to the expression of neuron-specific activators, p35 and p39 (Dhavan and Tsai 2001) . Although Cdk5 is ubiquitously expressed in all cells and shares a high degree of homology with other members of the cyclin-dependent kinase family (CDKs), its activity is found specifically in post-mitotic neurons because its activators, p35 and p39, are expressed primarily in neurons (Ko et al. 2001) . Cdk5 is a multi-functional S/T protein kinase that is involved in a wide range of neuronal functions from neurite outgrowth and neuronal migration to synaptic activity and cell survival (Cruz and Tsai 2004) . Cdk5 knockout mice exhibit defects in organization of the cortex and cerebellum and are embryonically lethal (Ohshima et al. 1996) . In addition, regulation and deregulation of Cdk5 activity plays an important role in a range of physiological and pathological processes that include involvement in nervous system development and neurodegeneration (Dhavan and Tsai 2001; Shelton and Johnson 2004) , and neuronal differentiation (Cicero and Herrup 2005) .
Cyclin-dependent kinase 5 and Neurodegeneration
A major function of Cdk5 is its role in cell survival. In vitro, Cdk5 protects neurons from cell death by direct interaction and activation of the anti-apoptotic protein Bcl-2 (Cheung et al. 2008; Wang et al. 2006) and by inhibiting sustained ERK1/2 activation in PC12 cells ). Cdk5 and GSK3b have been identified as prime candidates for neurodegenerative pathogenesis (Drewes 2004; Sato et al. 2002) . Normally, cytoskeletal proteins are phosphorylated on (S/T-P) residues selectively in the axonal compartment of the neuron. However, in a number of neuropathological conditions, such as amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD), Neiman Pick's Type C disease, the proline-directed S/T-P residues on cytoskeletal proteins are aberrantly hyperphosphorylated within cell bodies, resulting in the accumulation of abnormal cellular aggregates and massive neuronal cell death. Cdk5 is one of such kinases responsible for phosphorylation of neuronal cytoskeletal proteins specifically in their S/T-P residues (Shetty et al. 1993) .
During neuronal insults, increase in intracellular calcium and activation of calpains result in the cleavage of p35-p25 thereby inducing deregulation and hyperactivation of Cdk5. In outcome, aberrant hyperphosphorylation of cytoskeletal proteins (e.g., NFs, MAPs, Tau) occurs, forming aggregates of these proteins in the cell body and consequently inducing neuronal death (Fig. 1 ). This process has been associated with a large number of neurodegenerative diseases (Ko et al. 2001 ). Cdk5 is not only involved in phosphorylating the NFs, MAPs, and Tau but also involved directly or indirectly in modulating the other kinase activities that phosphorylate the same proteins as well as other proteins. Cross-talk of Cdk5 with many different signal transduction pathways is involved in nervous system development and neurodegeneration (Kesavapany et al. 2003) .
Cyclin-dependent kinase 5 inhibits Erk1/2 activity by phosphorylating the upstream kinase MEK1 and intense immunostaining of phosphorylated cytoskeletal proteins is observed in the neuronal cell bodies of Cdk5 -/-mice compared to the wild type mice (Sharma et al. 2002) . Also in p35
-/-mice, there is an inverse relationship between Cdk5 and Erk1/2 activities, while the expression levels of Erk1/2 remains unchanged (Sharma et al. 2002) . Such sustained high activity of Erk1/2 in the neuronal cells has been implicated as the cause of cell death (Cheung and Slack 2004) . Consistent with this assumption, extensive apoptosis in Cdk -/-brains compared to the wild type brains is observed as evidenced by the upregulation of the apoptosis marker, cleaved-caspase-3 and appearance of TUNEL-positive cells (Zheng et al. 2005) . Evidence from mouse model, the PC12 cell line, and rat primary cortical neuron cultures demonstrate that Cdk5 modulates MAPK (MEK/Erk1/2) pathway and is involved in neuronal survival, in which Cdk5/p35 seems to act as a ''molecular switch'' to modulate the duration of Erk1/2 activation thereby resulting in NF-M/H and Tau phosphorylation (Harada et al. 2001; Sharma et al. 2002) . Cdk5-Ras GRF cross talk upstream of the MAPK pathway also regulates neuronal apoptosis through nuclear condensation of neurons (Kesavapany et al. 2004 (Kesavapany et al. , 2006 . Sustained Erk1/2 activation by inhibiting Cdk5 activity using roscovitine induces apoptosis of primary neurons in culture, where Tau and NF are also hyperphosphosphorylated .
The other kinase that has been linked to neurodegeneration along with Cdk5 is glycogen synthase kinase 3b (GSK3b). It was observed that low concentrations of olomoucine, which inhibits Cdk5 activity, also inhibits fast axonal transport and GSK3 phosphorylation of kinesin light chains significantly inhibits anterograde but not retrograde fast transport (Morfini et al. 2002) . Inhibiting Cdk5 with roscovitine or olomoucine activates PP1 phosphatase, which, in turn, dephosphorylates and activates GSK3b thereby inducing phosphorylation and dissociation of kinesin from the vesicles (Morfini et al. 2004 ). Both, Cdk5 and GSK3b generate disease-associated phospho-epitopes on Tau, and they co-localize with filamentous Tau aggregates in the brains of patients (Imahori and Uchida 1997; Shelton and Johnson 2004) and in a transgenic mouse model of tauopathy (Imahori and Uchida 1997; Ishizawa et al. 2003) . Cdk5 and GSK3 also regulate Ab production in vivo (Cruz et al. 2006; Phiel et al. 2003) . These studies link Cdk5 to neurodegeneration.
Cdk5 Activators and Neurodegeneration
The reported neurotoxic effects of Cdk5 have been linked to p25 production, a proteolytically cleaved product of p35, the major activator of neuronal Cdk5. In primary cortical neuron cultures, p25/Cdk5 complex phosphorylates Tau more efficiently than does the p35/Cdk5 complex, since the half-life of p25/Cdk5 is longer than the p35/Cdk5 complex (Patrick et al. 1999) . In vitro, Tau phosphorylation assays have demonstrated that p25 accelerates Cdk5 catalytic activity by *2.4-fold over p35 (Hashiguchi et al. 2002) . Further evidence comes from the preferential increase in Tau phosphorylation in p25 transgenic mice (Ahlijanian et al. 2000; Cruz et al. 2003) , while p35 transgenic mice displaying increased Cdk5 catalytic activity, do not show increased Tau phosphorylation (Van den Haute et al. 2001) . These findings are complemented by the observation that Cdk5-deficient mice show decreased Tau phosphorylation (Takahashi et al. 2003) . Surprisingly, however, a new strain of p35-deficient mice display increased Tau phosphorylation (Hallows et al. 2003) . It is possible that in these mice Tau phosphorylation occurs due to the compensatory increases in another Cdk5 activator, p39 level or by Cdk-crosstalk as discussed earlier. The compensatory increase in p39 expression has been reported in p35-deficient mice (Chae et al. 1997 ). Moreover, p39-mediated Tau phosphorylation is more efficient than p35-mediated Tau phosphorylation (Iijima et al. 2000) . P39-derived p29 is also potent in phosphorylating Tau (Patzke and Tsai 2002) .
Recent studies now implicate p25 as a ''normal'' player in modulating synaptic function, LTD, learning and memory in specific brain regions in young animals (Angelo et al. 2006; Fischer et al. 2005 Fischer et al. , 2003 ). Transgenic mice expressing low level of p25, or with expression restricted spatiotemporally to specific brain regions, show a Cdk5/ p25 positive transient effect on LTD in the hippocampus and water maze learning in these animals. Prolonged expression of p25, in older animals, however, does exert a predictable effect on b-amyloid and Tau phosphorylation and neurodegeneration (Cruz and Tsai 2004; Cruz et al. 2003) . The differential phosphorylation potentials of p25 and p35 are also associated with another Cdk5 substrate, APP, which is involved in neurodegeneration. Cdk5 phosphorylates amyloid precursor protein (APP) in its cytoplasmic domain at Thr668 (Iijima et al. 2000) . Increased APP Thr668 phosphorylation is observed in p25 transgenic mice in which p35/Cdk5 activity remains unaltered (Cruz et al. 2003) . These findings reveal that the role of Cdk5/p25 in neuropathological diseases is complex. Fig. 1 Normal and aberrant Cdk5 activities in the neurons. Cdk5/ p35, by phosphorylating specific substrates, regulates a number of cellular functions, such as the nervous system development, neuron survival, migration, exocytosis and neuronal cytoskeletal protein maintenance and stability. Following various insults (Ca 2? influx leading to calpain activation, Ab, oxidative stress, cytokines like IL-6 and IL-18), p35 is cleaved to generate p25. P25 lacks the myristoylation site of the N-terminal region that is retained in the cleaved p10 polypeptide. The mislocalized Cdk5/p25 in the cytoplasm is hyperactivated possibly due to its longer half-life than Cdk5/ p35. The hyperactivated Cdk5/p25 aberrantly hyperphosphorylates Tau and neurofilament (NF) proteins, which are considered as the primers of neuronal degeneration Inducers of Cdk5/p25 Activity To date, no single hypothesis on AD pathogenesis can sufficiently explain the cause of neurodegeneration (Haass and Selkoe 2007; Maccioni et al. 2001) . One of the leading hypotheses for the etiology of Alzheimer's disease (AD) is the amyloid hypothesis (Hardy and Selkoe 2002) . In AD, extracellular accumulation of Ab42 that readily aggregates into amyloid plaques occurs due to an altered ratio of Ab generation and clearance. One of the downstream events of this elevated Ab42 levels is the aberrant activation of kinases and inhibition of phosphatases. The resultant imbalance in the kinase/phosphatase activities causes neurofibrillary tangle formation and neuronal death. Myriads of reports now link Cdk5 to Ab42 toxicity and Tau pathology leading to neurodegeneration. In primary neurons, Ab42 induces the cleavage of p35-p25 (Alvarez et al. 1999; Lee et al. 2000; Town et al. 2002; Zheng et al. 2002) . P25 accumulation is found in mutant APP transgenic mice that display elevated Ab42 levels (Otth et al. 2002) . P25 accumulation may precede the formation of NFT in the AD brain (Patrick et al. 1999 ). Inhibition of Cdk5 activity also attenuates Ab42-induced neuronal death (Alvarez et al. 1999; Lee et al. 2000) . These findings indicate that Ab42 is a potent activator of p25/Cdk5 activity.
Pathogenesis of AD is triggered long before the clinical onset of the disease and the risk factors involved in AD pathophysiology include blood lipid disorders, head injury, oxidative stress, shear stress, mechanical cell damage, K ? efflux and membrane permeabilization . Recently, long-term activation of the innate immune system by any risk factor triggering an inflammatory cascade culminating in Tau aggregation and paired helical filament formation has been emphasized ). The risk factors inducing such pathophysiological changes range from Ab oligomers, cytokines, high lipid content and redox iron ). IL-1b over-expression in AD brains was reported earlier (Li et al. 2003) , and hippocampal neurons treated with a physiological dose of IL-6 has been shown to induce Tau phosphorylation, possibly mediated by the increased levels of intraneuronal levels of Cdk5 and p35 (Quintanilla et al. 2004) . A more recent report showed that the pro-inflammatory IL-18 could induce Cdk5/p35 and GSK3b protein expression leading to increased Tau phosphorylation in SH-SY5Y neuroblastoma cells with an increase in Cdk5/p35 or p25 complex after 24-48 h of IL-18 treatment (Ojala et al. 2008) .
Targeting Cdk5/p25 to Promote Neuron Regeneration
Degenerating neuronal cells in AD show phenotypic changes characteristic of cells re-entering cell division (McShea et al. 2007) . It has been suggested that in neurons, Tau hyperphosphorylation may induce abnormal, incomplete cell cycle re-entry (Andorfer et al. 2005 ). Subsequently, activation of related signal transduction pathways and cell cycle-dependent kinases along with transcriptional activation could lead to cytoskeletal alterations and DNA replication (McShea et al. 2007; Nagy 2000; Yang et al. 2001) . It is hypothesized that some neurons re-enter the cell cycle upon neuronal insult in an effort to recover, since hippocampi of patients with mild cognitive impairment show increased expression of G/S phase regulating cyclin G1 (CG1), Cdk2 and Cdk5 (Sultana and Butterfield 2007) . Expression of CG1 has been shown to associate with Cdk5 and possibly nerve regeneration (Morita et al. 1996) . The role of CG1 in AD remains unclear, although it may act as a mediator between apoptosis and the cell cycle (Crocker et al. 2003a, b; Okamoto and Beach 1994; Zauberman et al. 1995) .
Neurotrophic factor delivery and stem cell transplantation are considered potentially promising in treating neurodegenerative diseases (Apfel 2000; Thomson et al. 1998 ). Forced expression of calpastatin (an inhibitor of calpains) and dominant-negative Cdk5 by adenoviral infection of the nigrostriatal pathway have been shown to protect against MPTP toxicity and also reveal an alternative cell death pathway (Crocker et al. 2003a, b) . NF-and Tau-directed protein kinases are potential targets for modification, when it comes to therapeutic interventions of AD. Pin1, a peptidylprolyl cis/trans-isomerase substantially increases neurofilament phosphorylation by proline-directed kinases, Erk1/2, Cdk5/p35 and JNK3 in a concentration-dependent manner Rudrabhatla et al. 2008) and targeting Pin1 for therapeutic intervention is speculated.
Several protein kinases including Cdk5 that phosphorylate Tau and NFs also phosphorylate other substrates that are critical for normal cellular physiology. Both Cdk5 and GSK3b are involved in AD but also play a role in the development of neurons (Hooper and Turner 2008; Johnson and Stoothoff 2004; Naska et al. 2006; Nguyen et al. 2002; Ohshima et al. 1996) . Inhibitors of protein kinases, for this reason, prove to be clinically futile in treating neurodegeneration. Also, usually kinase inhibitors target the ATP binding sites thereby losing their selectivity since ATP binding sites are common to many kinases. Complications arise when there is no demarcation between a normal functional kinase and the same kinase gone awry and becoming a pathological factor. Specific inhibitors that do not inhibit normal kinase activity, but specifically inhibit the aberrant, hyperactive kinase activity, would be biologically more acceptable a treatment strategy for neurodegenerative disease.
The polypeptide CIP (Cdk5/p25 inhibitory peptide), a derivative of p35 that inhibits Cdk5/p25 activity in vitro, in HEK cells as well as in rat cortical primary neurons in culture (Zheng et al. 2002) , shows the potential for therapeutic intervention since it specifically inhibits the Cdk5/ p25 deregulated hyperactivity (Fig. 2) . Moreover, proven therapeutic agents may not efficiently reach and stably remain in the target tissues in vivo. There must be strategies to overcome this impediment. Recently, using CIP in nanoparticles, inhibition of Cdk5/p25 activity in order to treat ischemic stroke has been proposed (Slevin and Krupinski 2008) . According to the model in this report, CIP in nanoparticles or nanogels (polymer-linked hydrogels) can be labeled with antibodies to cell-specific markers (e.g., S100-beta in neurons) and delivered to the neurons. CIP is a fragment of p35 spanning amino acids 154-279. CIP competes against p25, thus inhibiting the hyperphosphorylating activity of Cdk5/p25. In another report, TAT-CIP has been shown to prevent Cdk5 activation by p25 in vitro (Sun et al. 2008) . Although no specific compound was found functional in inhibiting Cdk5/p25, specific inhibition of GSK3b, another kinase involved in NFT formation by a 1-Aza-9-oxafluorenes has been reported (Voigt et al. 2008) .
Further screening of such modified pharmacological inhibitors may yield novel inhibitors of Cdk5/p25. It is relevant to note that CIP does not inhibit Cdk5/p35 activity, and therefore, does not interfere with the normal Cdk5-regulated phosphorylation needed for cellular functions.
Whether CIP can successfully inhibit Cdk5/p25 in vivo in mouse models of neurodegeneration is in the works in our laboratory. The major questions we are beginning to address are: does CIP have the potential to regenerate a sub-lethally injured neuron? Are the effects of factors like aging, Ab accumulation, oxidative stress and inflammation, which are contributory factors to eventual death of neurons, be counteracted by CIP? Is the definitive direction of a neuron under a sub-lethal insult toward apoptosis be reversed? Finally, if possible, then at what strategic point CIP would be a best fit for this scenario? When a neuron receives sub-lethal insult, several stress-induced molecules such as JNK, p38 kinase (Gallo and Johnson 2002) , transcription factor p53, caspases and calpain turn on their signaling cascades leading to apoptosis. In addition, subsets of molecules that are involved in cell cycle re-entry (Cyclin G1, Cdk5, p35/p25) are also induced (McShea et al. 2007 ) that results in cytoskeletal alterations (McShea et al. 2007; Nagy 2000; Yang et al. 2001) . Tau hyperphosphorylation may also induce abnormal, incomplete cell cycle re-entry (Andorfer et al. 2005 ). An apoptosispromoting stimulus has been thought to induce a dedifferentiation process in mature neurons (Heintz 1993) . However, this reactivation of neuronal cell cycle remains incomplete. This very attempt of the cell's machinery may be exploited to regenerate a neuron that has received the signal to die. In Fig. 3 , the therapeutic intervention point 3 Simplified schematic representation of CIP-induced neuronal regeneration under insults from Ab, oxidative stress and neurotoxicity. Normally, under these conditions, neurons would undergo degeneration following hyperphosphorylation of Tau and neurofilament (NF) proteins, especially by Cdk5/p25. Although, as an intrinsic defense mechanism, the neurons attempt cell cycle re-entry whilst microtubule synthesis and/or repair occur, eventually with an incomplete cell cycle re-entry, the neurons undergo degeneration and death. However, in the presence of CIP, Cdk5/p25 activity is down-regulated and although the post-mitotic neuron may not reenter cell cycle by this specific inhibition, the cell's re-course from a degenerating route would occur Cell Mol Neurobiol (2009 Neurobiol ( ) 29:1073 Neurobiol ( -1080 Neurobiol ( 1077 for CIP is shown. By inhibiting the aberrant Cdk5/p25, the direction of a neuron under nascent insult can be diverted so as for the neuron, survival over death is achieved. The injured neuron's inevitable degeneration may thus be avoided. Under sustained intrinsic and extrinsic insults, the probability of neurons withstanding the death-inducing impact with a constant presence of CIP, although seems hypothetically possible based on our results from studies on in vitro and cultured primary neurons, remains to be experimentally determined.
Conclusion
Neurons under apoptotic stimuli may be protected from undergoing degeneration by therapeutic agents that prevent various cell death pathways. Among inhibitors of Cdk5, roscovitine reduces ischemia-induced tauopathy (Wen et al. 2007) ; and olomoucine inhibits ischemia-induced reactive astrogliosis (Zhu et al. 2007 ). These general inhibitors of Cdk5 are not without their demerits when it comes to an in vivo situation. Cdk5/p35 activity is essential for cell survival. Therefore, inhibiting the aberrantly active Cdk5/p25 without interfering with Cdk5/p35 would be therapeutically beneficial. CIP, a peptide inhibitor derived from p35, has been shown to inhibit Cdk5/p25, but not Cdk5/p35 activity. In addition to having the specificity, CIP also possesses a certain degree of safety factor being a polypeptide. These characteristics, as a therapeutic agent, would be conducive when treatment strategies would require its long residency within the cell and durable biological activities of a molecule that is not as foreign to the cell as the chemical agents.
